ABSTRACT: Particulate organic 14C accumulated linearly for periods of 10 to 12 h when natural assemblages of phytoplankton from the Celtic Sea were incubated with '"C-bicarbonate at a constant illumination of 145 pm01 photons m-' S-'. Biomass-specific photosynthesis rates (P/B) estimated for the > 1.0 klm slze fraction ranged from 0.05 to 0.11 h-' (0.6 to 1.3 d-' for a 12 h photoperiod) at a temperature of 11 "C. Llnear particulate 14C accumulation, and other independent measurements, suggest that the photosynthetically active phytoplankton biomass was not increasing during the incubations (i.e. the growth rate was negligible). A rapid turnover of phytoplankton carbon and/or accumulation of energy storage reserves are possible mechanisms which could account for the absence of growth when photosynthesis rates were high. There was no evidence for enhanced phytoplankton growth rates in samples d~luted with filtered seawater, indicating that microzooplankton grazing did not greatly influence productivity estimates in these sanlples. Estimates of phytoplankton respiration rates from the dark loss of organic 14C ranged from 20 to 80 O/ O of the rate of photosynthetic accumulation of I4C in the light, and cannot fully account for the apparent discrepancy between photosynthesis and growth. This leaves the accumulation of non-photosynthetic biomass under the experimental culture conditions as a likely, but untested possibility. Indirect evidence is cited to support this hypothesis.
INTRODUCTION
The rate of particulate organic 14C production is the most commonly measured index of primary production in the sea. Almost from its inception, however, the 14C-technique has been a source of controversy (Peterson 1980) . Initially, the controversy surrounded the extent to which 14C uptake measured gross or net phytoplankton photosynthesis. This question has been addressed both theoretically (Buckingham et al. 1975 , Hobson et al. 1976 , Marra et al. 1981 , Dring & Jewson 1982 , Smith 1982 and experimentally (Eppley & Sloan 1965 , Ryther & Menzel 1965 . In general, I4C-uptake by autotrophs measures something between net and gross primary production. What exactly is measured depends on the relationship between photosynthesis and respiration rates, the degree of heterogeneity of intracellular carbon pools, and the duration of the experiment. Net and gross primary productivity are virtually indistiguishable in rapidly growing phytoplankton when the respiration rate is a very small fraction of the photosynthesis rate (Peterson 1980 , Smith 1982 . They will become increasing dissimilar in magnitude as the ratio of respi-O Inter-Research/Printed in F. R. Germany ration to photosynthesis increases (Dring & Jewson 1982 , Smith 1982 . Low photosynthesis:respiration ratios, however, are not sufficient to cause 14C-uptake to overestimate net production unless the substrates for respiration are separated from the early products of photosynthesis . If respiration is from a small pool of metabolic intermediates that are labelled rapidly, then the 14C-uptake rate will be close to the rate of net primary production , Smith & Geider 1985 . However, if the substrates for respiration are largely derived from unlabelled (storage) products, then the 14C-uptake rate will be close to gross primary productivity until these pools become significantly labelled (Bidwell 1977) . Under stressed conditions associated with changes in metabolic state or community population structure, respiration may be stimulated and derived largely from unlabelled biomass (Peterson 1978 , Mague et al. 1980 .
The interpretation of 14C-uptake rates in the plankton is considerably complicated by ecological interactions between components of the microbial community (Peterson 1980 , Jackson 1983 . It has been suggested that 14C-uptake will severely underes-timate net primary productivity when phytoplankton are growing rapidly, but net population increase is kept in check by high loss rates to grazers (Sheldon & Sutcliffe 1978) . Theoretical exercises suggest that the magnitude of the discrepancy between net primary production and I4C-uptake will rarely exceed a factor of 2 over 12 to 24 h incubations, although the organic 14C will be distributed amongst both autotrophs and heterotrophs (Jackson 1983 ). 14C-uptake will underestimate net primary productivity to the extent that organic 14C is reminer-alized by heterotrophs.
Recent, direct comparisons indicate that 14C-uptake and other techniques yield roughly comparable fluxes of carbon through microplankton communities (Williams et al. 1979 , Williams et al. 1983 , Davies & Williams 1984 , Laws et al. 1984 . Exact agreement is not to be expected because different techniques measure different processes. In fact, the differences between independent measurements can be exploited to gain insight into microplankton community dynamics .
The importance of microbial interactions in marine food webs has necessitated a re-evaluation of the framework for interpreting primary production measurements (Peterson 1980 , Jackson 1983 . Planktonic microbial food webs often have complex structures with autotrophs and heterotrophs sharing a common size range of about 6 orders of magnitude in cell volume for organisms with typical dimensions of 0.5 to 100 pm (Sieburth et al. 1978 , Williams 1981 , Azam et al. 1983 . Much of the metabolic activity, however, is concentrated in the smallest size classes which are most difficult to manipulate experimentally. Picoplanktonic photoautotrophs account for 20 to 80 % of phytoplankton biomass and primary production in the sea (Joint & Pomroy 1983 , Li et al. 1983 , Takahashi & Bienfang 1983 , Douglas 1984 , Joint et al. 1986 ). In coastal waters, phytoplankton which pass a 5 to 10 pm pore sieve account for about 50 O/O of biomass and photosynthesis (Furnas 1983 , Joint & Pomroy 1983 . Heterotrophic activity is also concentrated in the pico-and nanoplankton (Williams 1981) . Up to half of phytoplankton photosynthate may be excreted as labile dissolved organic carbon which is kept at a low concentration in seawater by actlve bacterial metabolism (Lancelot 1979 , Keller et al. 1982 , Jensen 1983 . Ciliates have been implicated as major consumers of nanoplankton (Burkill 1982 , Verity 1986 ) and picoplankton (Sherr & Sherr 1987) , and heterotrophic flagellates are considered to be major consumers of both heterotrophic and autotrophic picoplankton (Johnson et al. 1982 , Sieburth & Davis 1982 , Landry et al. 1984 . Complicating the interpretation of productivity experiments is the degree to which microbial interactions affect phytoplankton growth and photosynthesis. The effect of microzooplankton grazing on I4C uptake and biomass production has been treated theoretically (Jackson 1983 . The purpose of this paper is to explore the potential of coupling time-series measurements of organic 14C production with the dilution approach of Landry & Hassett (1982) in order to gain insights into microplankton community metabolism.
METHODS
Experiments were conducted on the 17 May to 9 June, 1986, cruise of the RRS 'Charles Darwin' to Station CS11 (50" N, 7" W) in the Celtic Sea as part of a multi-investigator study of food chain dynamics within the picoplankton and nanoplankton. Samples were collected in 30 1 water bottles at various depths between 10 and 25 m. This paper describes the results of timeseries I4c-bicarbonate uptake experiments (Table 1) which were designed to measure phytoplankton growth under controlled environmental conditions. Cumulative organic 14C-uptake time series (5 experiments) and/or discrete, short-term organic I4C-uptake rate time-series (4 experiments) were measured in both diluted and undiluted seawater (Landry & Hassett 1982) to assess the influence of microzooplankton grazing on phytoplankton productivity. In addition, samples were examined microscopically to determine nanoplankton numbers and biomass.
Seawater ( l 0 to 20 1) was screened through either 125 km (24 and 25 May experiments) or 30 pm mesh Nitex screens (all other dates). Particle-free seawater was prepared by gentle vacuum filtration (<20 kPa) through Millipore 0.45 urn pore size cellulose acetate filters that had been previously rinsed with a small volume (100 to 200 ml) of seawater. Samples for incubation were prepared by mixing appropriate volumes of screened and filtered seawater to a final volume of about 1 1 in experimental containers (Duran borosilicate glass bottles). Containers were rinsed with 10 % hydrochloric acid and filtered seawater between experiments. The inorganic nutrient concentration was increased by 10 uM NH,C1 and 1 ~L M KH2P0, for all experiments. Experimental vessels containing nutrient-enriched seawater samples were allowed to acclimate in the light for 30 to 60 min prior to addition of 14C-bicarbonate and initiation of time-series measurements. Illumination was from below with fluorescent light at a photon flux density of 0.9 X 1016 quanta
C~-~S -'
= 145 km01 photons m-2s-' as measured with a Biospherical Instruments 4 rr, quantum sensor ( k = 400 to 700 nm). In some experiments the subsequent loss of organic 14C activity was measured during incubations ) was added to 1 1 of sample giving a final activity of 2 to 6 X 107 Bq ml-l. Subsamples were immediately taken for time-zero organic 14C activity and total activity. For total activity 0.5 m1 of sample was added to a scintillation vial containing 0.1 m1 of 1 M NaOH and 4 m1 of Ready-Solv EP scintillation cocktail (Beckman). Particulate organic 14C activity was measured on 10.0 m1 aliquots filtered onto Whatman GF/F glass fiber filters under low pressure differentials. The filters were fumed with concentrated HC1 for 15 min prior to transfer to a scintillation vial and addition of 4.5 m1 of Ready-Solv EP. For the total organic 14C activity measurement a 10.0 m1 aliquot was added to a glass scintillation vial containing 1 m1 of 1 N HC1, sealed and stored for further processing ashore. Total organic activity was measured in 1.0 m1 subsamples transfered to glass scintillation vials. Inorganic 14C was allowed to outgas for 24 h before addition of 9 m1 of Ready-Solv EP. Time-zero organic 14C activities obtained using this technique were only slightly higher than background levels and negligible in comparison with measured production. Dissolved organic 14C was measured in filtrates from Whatman GF/F glass fiber filters in a manner strictly analogous to that described above for total organic 14C. Scintillation counting was done on a United Technologies Packard Tricarb 4530 scintillation counter. Quench correction was by the external standards method.
In some experiments a different protocol was followed. For these 14C-bicarbonate was not added to the experimental vessel; instead discrete, short-term (about 1 h) 14C-bicarbonate uptake was measured in subsamples withdrawn at various times as the incubation proceeded. The protocol was as follows. A 10.0 m1 subsample was removed from the incubation vessel and placed into a 30 m1 capacity polypropylene tube (Sterilin). Then 50 p1 of 14C-bicarbonate solution was added to the sample, giving a final activity of 2 to 6 X 107 Bq ml-l. The sample was placed in a test-tube rack adjacent to the incubation vessel and allowed to incubate for 1 h. The incubation was terminated by filtration through a Whatmann GF/F filter, after which time the filter was treated as described above for particulate organic 14C activity. Total activity was determined on 50 p1 of stock I4C-bicarbonate solution which was added to a scintillation vial containing 0.5 m1 of 0.2 M NaOH and 4 m1 of Ready-Solv EP. Phytoplankton were exposed to a slightly lower photon flux density in these discrete incubations because of shading by the test tube rack. It was found that the 14C uptake rates in the Sterilin tubes were only 8 5 % of those found in the Duran bottles.
One set of samples from each particulate 14C accumulation time series was used to determine sizefractionated organic 14C activities. Separate 10.0 m1 samples were filtered through 1.0, 3.0 and 5.0 pm pore size Nuclepore filters to determine activity in > 1.0, > 3.0, and > 5.0 pm size fractions. Samples were filtered to dryness under low pressure differentials (< 10 kPa) and the sample dehydrated over silica gel before addition of Ready-Solv EP scintillation cocktail. Samples for total and particulate organic 14C activity were collected as described previously. In addition, samples for dissolved organic 14C activity were taken from the filtrate of a GF/F filtration. Samples for size fractionation measurements were taken after incubation with added tracer for 10 to l l h (25, 26 and 30 May) or about 24 h (4 and 5 June).
Subsamples were collected from 125 or 30 pm Nitex screened seawater for chlorophyll a determinations and nanoplankton cell counts. For chlorophyll a determination~ 100 m1 of sample was collected on a Whatman GF/F filter. The filter was placed in 10.0 m1 of 90 % acetone and chlorophyll allowed to extract for at least 24 h at -20°C prior to determination of chlorophyll a concentration by a fluorescence technique (Holm-Hansen et al. 1965) . Cell counts of nanoplankton were made on Lugol's iodine-fixed samples in glycerine jelly preparations. A 50 m1 sample was cleared of iodine by addition of a few drops of dilute sodium thiosulphate (Joint & Pomroy 1983) followed by addition of glutaraldehyde to a final concentration of 1.0 % . The sample was then collected on a 1.0 pm pore Nuclepore filter backed by a 0.45 pm pore Millipore filter. The concentrated sample was transfered from the Nuclepore filter into a glycerine jelly preparation (Geider 1987a) . Glycerine jelly preparations were examined with phase contrast microscopy at magnifications of 250 X , 400 X and lOOOx using a Leitz Orthoplan microscope. Cells with equivalent spherical diameters (ESD) of less than 4.25 pm were sized and counted from measurements on projected slides. Cryptomonads, small dinoflagellates, and other cells with ESDs greater than 4.0 vm were sized and counted directly at 400x. Cihates were counted at a magnification of 250 X .
RESULTS
Particulate organic 14C accumulated linearly over periods of 10 to 12 h (Fig. l ) in all experiments and at all dilutions. Production rates calculated from linear regression analysis ranged from 1.4 to 5.1 mg C m-3 h-' in undiluted seawater ( Table 2) . Linearity is one criterion used to indicate that serious methodological artifacts such as cell mortality or nutrient exhaustion have not affected production estimates , although this inference is not guaranteed (Li & Goldman 1981) . In fact, the photosynthesis rate (units of mg C m-%-') can be expected to increase with time in a growing population, or decrease in a dechning population, and these changes should be reflected in time-series observations of particulate I4C accumulation (Eppley 1968 , Jackson 1983 .
Hours Hours
Linear particulate 14C accumulation is expected in populations that are growing slowly either because of a physiological limitation on phytoplankton growth or because grazing by microzooplankton limits the increase in population size of a rapidly photosynthesizing population. If microzooplankton grazing limits the net population increase of phytoplankton, then dilution with particle-free seawater (Landry & Hassett 1982) should enhance the rate of 14C accumulation over an extended time period (Jackson 1983) . This is expected despite the complexities which might exist in phytoplankton 14c metabolism (Smith 1982 Over typical time periods for measuring primary production (i, e. about 12 h), particulate 14C accumulation was linear in both undiluted samples and samples diluted with filtered seawater to between 10 and 30 of ambient particulate concentrations. Thus, dilution had no effect on uptake lunetics other than that which was attnbutable to a difference of initial phytoplankton biomass ( Table 2) . Rates of particulate 14C accumulation in diluted samples were sometimes greater than would be expected on the basis of the extent of dilution (i. e. at 10 O/O dilution on 30 May and 4 June). In these cases, however, enhanced rates were evident from the start of the incubation and thus do not provide evidence for net growth in dduted samples. Instead, they may indicate an error in dilution, or stimulation of the biomass-specific rate of photosynthesis as a consequence of sample handling. The observation of linear particulate 14C accumulation in both dduted and undiluted samples suggests that neither nutrient exhaustion nor microzooplankton grazing activity seriously affected particulate 14C accumulation in these experiments. It is possible that the phytoplankton growth rates were low even in the absence of grazing and differences due to dilution could not be resolved. We return to this polnt below.
The declining slope of particulate 14C accumulation under continuous illumination for periods greater than 15 h (Fig. 2 ) may indicate the onset of physiological stress in a community exposed to an unnaturally long light period. Alternatively, it may indicate increasing mineralization of organic l4C as the population becomes uniformly labelled with tracer. For example, Li & Harrison (1982) demonstrated that downward curvature in a plot of particulate I4C accumulation was due to increasing contribution of labelled substrate to respiration during a 32 h incubation.
Time-series of particulate 14C accumulation that are < l 2 h in duration may not provide the information necessary to examine the influence of microbial grazers on phytoplankton populations if the biomass-specific photosynthesis rates are low. Long time-series ( > l 2 h ) , however, may b e criticized because of physiological stresses associated with prolonged confinement and incubation under continuous illumination. Instead, it may be better to use the light-saturated 14C incorporation rate over a discrete, short period (i. e. 1 to 2 h) as an indicator of changes in biomass. Strictly, changes in uptake rates are used to infer changes in 'metabolically active' biomass. A similar technique has been used successfully in s t u d e s of bacterial growth rates in nature ( a r c h m a n et al. , Li 1984 .
In 4 experiments 14C uptake was measured using discrete 1 h incubations, but incubations were initiated at several times during 10 to 12 h of constant illumination. In one experiment (26 May), the 14C uptake rate was measured after an additional 13 h in darkness. In 3 cases 14C uptake rates are best characterized by a mean which did not change with time (Fig. 3) . The constant 14C uptake rates observed in the series of discrete I4C-uptake experiments suggests that phytoplankton biomass was not increasing during the incub a t i o n~. This interpretation is consistent with the linear particulate 14C accumulation described earlier. Also consistent with this interpretation are observations Table 2 . Rate of total or particulate organic I4C accumulahon calculated using linear regression analysis. The standard deviation of the slope (SD) is given in parentheses; n: number of observations. A comparison was made between I4C uptake in samples to which nutrients had been added (indicated 100 % + ) or omitted (indicated 100 %-) in the 5 J u n e experiment. Only in the first experiment (24 May) did the shortterm 14C uptake rate increase with time (Fig. 3) . The ratio of final to initial uptake rates averaged 1.7 times, independent of dilution, again suggesting that neither losses to grazers nor nutrient exhaustion were major determinants of phytoplankton production. Lugol'sfixed samples were available from both the start and the end of this incubation. Biomass as determined from cell counts (see below) increased by 1.5 times from 71 to 109 pg C 1-' during the incubation. Given possible errors in cell counting and sizing, this increase in biomass compares favourably with the observed increase in 14C uptake rate. The increase in biomass resulted from both an increase in numbers and a shift in the size distribution to larger cells. Table 3 summarizes the observed size distribution of microorganisms retained by a 1.0 pm pore sieve. This size range included an assemblage of microorganisms that was initially dominated by a diatom (Minidiscus fn'oculatus) and prymnesiophyte (Phaeocystjs poucheti~] at the small end and by small unidentified dinoflagellates and cryptomonads in the larger sizes. Casual observations using epifluorescence microscopy at sea revealed that most of the nanoplankton as identified from DAPI fluorescence also showed chlorophyll or phycoerythrin autofluorescence. Previous investiga- , Joint et al. 1986 ). The observations indicate a maximum of numbers in the 2.0 and 2.5 pm equivalent spherical diameter (ESD) size classes. The decrease in numbers in the smallest size class (1.5 pm) may reflect the distribution in nature, or it may arise from a methodological artifact related to the porosity of sieves used to concentrate samples for enumeration. Microbes can often deform in response to shearing stresses, and may become aligned such that the longest dimension is parallel to the flow field, thus allowing cells with an ESD >1.0 ,urn to pass through a 1.0 pm sieve. The observed nanoplankton numbers were converted to biovolume by multiplying the concentration of cells within each size class by the volume corresponding to the midpoint ESD. A conversion factor of 0.2 pg C = 1.0 pm3 cell volume was used to obtain biomass from biovolume. This factor is consistent with that obtained for bacteria (Bratbak & Dundas 1984) , with that observed by Morgan & Kalff (1979) for the cryptomonad Crytomonas erosa, with extrapolations based on Eppley et al. (1970) and Taguchi (1976) for &atoms with an ESD of 2.0 to 4.0 pm and with extrapolations based on Strathmann (1967) and Eppley et al. (1970) for other microalgae with 2.0 to 10 ym ESD. These values are not likely to seriously overestimate phytoplankton biomass retained by a 1.0 p n~ pore size filter because microheterotrophs did not contribute significantly to nanoplankton numbers. They will underestimate phytoplankton biomass to the extent that picoplankton are not retained on a 1.0 pm sieve, or that delicate forms have been lost during preservation and storage.
Unidentified unicells
Observations of size-fractionated 14C-uptake (Table 4) (Table 2) was multiplied by 0.65 and the resulting value inferred for >1.0 pm 14C production was divided by the >1.0 pm biomass. Photosynthesis rates (Table 5 ) calculated in this manner ranged from 0.05 to 0.11 h-'. These rates would imply biomass increases of 1.8 to 3.7 times over a 12 h photoperiod if growth were exponential. They contrast with the suggestion that phytoplankton biomass was largely unchanged in 10 to 14 h incubations based on the linearity of particulate 14C accumulation, discrete 14C-uptake rates, and measurements of chlorophyll a concentration. These calculated photosynthesis rates are based on the observed linear accumulation of organic 14C and inferred constant biomass:
where p = photosynthesis rate (h-'); B = phytoplankton biomass (pg C 1-l); 66 is the organic 14C production (pg C 1-l) observed in time interval 6 t (h). These photosynthesis rates appear to be high for mixed assemblages growing at a temperature of 11 "C. For example, a photosynthesis rate of 0.1 1 h-' is 2.5 times greater than the maximum growth rate of microalgae at this temperature (Eppley 1972 ). The photosynthesis rates observed during the Celtic Sea spring bloom (Table 5) are similar to those measured for summer nanoplankton assemblages from Narragansett Bay where Furnas (1982) obtained a mean biomass-specific photosynthesis rate of 0.7 d-' = 0.06 h-', assuming a 12 h photoperiod, at higher temperatures which ranged from 16 to 21 "C. If phytoplankton biomass has been underestimated, then the calculated photosynthesis rates based on particulate I4C accumulation will be in error. A comparison of measured biomass and chlorophyll concentrations, however, suggests that this is not the case. Values for the carbon:chlorophyll a ratio (C:chl a) for the >1.0 pm size fraction were derived from the nanoplankton counts and observed total particulate chlorophyll a concentration in a manner analogous to that used to obtain biomass-specific photosynthesis rates. The observed total particulate chlorophyll a concentration was multiplied by 0.65 to account for the fraction of phytoplankton greater than 1.0 pm, and the carbon biomass determined by direct counts was divided by the inferred >1.0 pm chlorophyll a concentration to obtain C: (Geider 1987b ). The C:chl a ratios obtained from 2 samples collected at 10 m are somewhat greater possibly due to higher light levels encountered at the shallower depth (Geider 198713) . Changes in biomass determined from both microscopy and discrete 14C uptake rates can be compared for the 24 May experiment; the calculated photosynthesis rates were 0.033 and 0.044 h-' respectively. After taking account of the fraction of organic 14C retained by a 1.0 ILrn filter (i. e. 0.65) and the difference in uptake rates between measurements made in Sterilin tubes and glass bottles (see 'Methods'), a photosynthesis rate of 0.032 h-' is obtained by dividing the 14C uptake rate by the initial biomass. Given the uncertainties involved in making these calculations, the 3 rates are in reasonable agreement. Thus, for the only experiment in which the biomass was definitely observed to change, the rate of 14C uptake was comparable to the change in biomass. Unfortunately, particulate 14C accumulation time-series were not measured on this occasion.
Much lower nanoplankton photosynthesis rates were obtained when calculations were based on an assumption of exponential growth during the incubation. For example, Eppley (1968) used the following equation to calculate biomass-specific photosynthesis rates.
where B . = initial phytoplankton biomass (pg C 1-l).
Use of Eq. (2) with the Celtic Sea data gave much lower rates of biomass-specific photosynthesis (0.033 to 0.058 h-') than were obtained from Eq. (1). The use of natural logarithms in the calculation (Eq. 2) is necessitated by the assumed exponential increase of biomass during the incubation, however if biomass does not increase then Eq. (2) is inappropriate. That the volume-specific photosynthesis rate, and by inference phytoplankton biomass, was essentially constant is definitely known for the 26 May experiment in which discrete I4C uptake and particulate 14C accumulation were measured in parallel. If the photosynthesis rate was 0.11 h-', as experimental observations on healthy phytoplankton infered from a comparison of 14C uptake rate with cultures (Eppley & Sloan 1965 , Ryther & Menzel 1965 , initial biomass, then the discrete 14C uptake rate should leading to the following equation for changes in phytohave increased by 3 times over 10 h. This is clearly not plankton 14C content the case (Fig. 3) .
DISCUSSION
where P ' ( t ) = "' C activity (dpm I-') in the phytoplankton; f = specific activity of total dissolved inorganic The results presented in the previous section are carbon (dpm kg-' C). Integrating Eq. (5) with respect to somewhat paradoxical in that high biomass-specific time yields rates of phytoplankton photosynthesis are accompanied by Linear particulate I4C accumulation and apparently static biomass. The problem is one of reconciling high photosynthesis rates with unmeasurable changes in metabolically active biomass. One possible explanation for these observations is that grazing activity by microzooplankton Limited the increase of phytoplankton biomass. If, however, microzooplankton grazing can be eliminated as a possible explanation, as appears to be the case for the Celtic Sea spring bloom under consideration, then mechanisms that would contribute to uncoupling of phytoplankton photosynthesis and growth need to be considered. Two possibilities include (1) high respiration of unlabelled carbon by phytoplankton, and/or (2) photosynthate accumulation as an energy storage reserve without net increase in the size of the cell catalytic components. All 3 of these possibilities (i. e, microzooplankton grazing, phytoThe accumulation of organic 14C in microheterotrophs is assumed equal to the product of the grazing rate and assimilation efficiency where H'(t) = 14C activity in the microheterotrophs; cu = assimilation efficiency (dimensionless). The organic 14C that is not assimilated is assumed to be respired immediately following ingestion. It is possible that a small proportion of ingested carbon may not contribute to either microzooplankton growth or respiration, but is egested (Caron et al. 1985) . This possible complication wdl not be considered further. Subsituting Eq. ( 6 ) into Eq. (7) and integrating yields plankton respiration, and accumulation of energy storThe total particulate organic 14C production (T') is the age reserves) will be considered in the following dissum of P' and H'; cussion.
A simple model of carbon dynamics can be used to
theoretically examine the influence of grazing pressure
on particulate organic 14C accumulation (Eqs. 3 to 8). In This model is identical in structure to that investigated this model, phytoplankton growth is assumed to be by Jackson (1983) . It differs from that examined by exponential with the net growth rate equal to the by neglecting direct loss of 14C from difference between biomass-specific photosynthesis the phytoplankton, and by assuming direct coupling of and grazing rates; respiration to assimilation of organic 14C in the microheterotrophs.
Results of a simulation in which p = 0.1 h-' (2.4 d-l) where P(t) =phytoplankton biomass (pg C I-'); t = time (h); p = biomass-specific net photosynthesis rate (h-'); g is the biomass-specific loss rate to grazers (h-'). The growth rate is given by , U = p -g.
Eq. (3) provides the theoretical basis for interpretation of dilution grazing experiments (Landry & Hassett 1982) . The following discussion examines the implications of using Eq. (3) to interpret the dynamics of 14C accumulation. Integrating Eq. (3) with respect to time yields where PO = initial phytoplankton biomass. Particulate l4C accun~ulation by phytoplankton is assumed to equal net primary production, consistent with direct and g = 0.08, 0.04, 0.02 or 0.01 h-' with = 0.5 (Calow 1977 ) are illustrated in Fig. 4 . The model predicts that particulate 14C accumulation will vary greatly with dilution if microbial communities are characterized by high microheterotrophic activity. As discussed by Jackson (1983), this conclusion applies equally to communities in which the interaction between phytoplankton and heterotrophs is either phagotrophic or saprotrophic. Interestingly, particulate 14C accumulates linearly in the undiluted samples characterized by high photosynthesis and grazing rates (Fig. 4) . For the assumed photosynthesis rate and high grazing pressure illustrated in Fig. 4 it is unlikely, given typical errors in measurement of 14C activity, that non-linearity in particulate 14C accumulation would be evident in undiluted seawater or seawater diluted to 50 % of ambient concentrations. Even in samples diluted to 25 O/O of ambient concentrations, the upward curvature might be obscured by experimental noise unless incubations are conducted for periods greater than about 12 h. This exceeds the typical duration of the light period in productivity experiments. In retrospect, it appears that particulate 14C accumulation may be a poor variable for examining the influence of grazing on phytoplankton populations. This is especially the case if biomass-specific photosynthesis rates are low. However, these difficulties should not pose major problems for the interpretation of experiments reported in this paper (i.e. Figs. 1 and 2 ) in which photosynthesis rates were high and incubations were extended to as long as 30 h. The application of the dilution technique under these circumstances suggests that microzooplankton grazers do not play a major role in controlling phytoplankton growth. The use of discrete 14C uptake rates to evaluate changes of metabolically active biomass in dilution experiments supports the conclusion that the activity of microheterotrophs does not have a significant effect on phytoplankton growth or photosynthesis rates. This conclusion is also consistent with the small contribution of apochlorobc nanoplankton to total nanoplankton that has been previously observed in the Celtic Sea (Joint & Pipe 1984 , Joint et al. 1986 ).
The assumption made in the preceding analysis that 14C accumulation by phytoplankton equals net primary production is loosened, and the possibility that phytoplankton respiration rates are high, is examined by fitting a simple model of intracellular carbon dynamics to the particulate I4C accumulation time-series. The choice of an appropriate model is problematic. Recent studies on cultures of a marine diatom in balanced growth suggest that the substrate for respiration is a small pool of recently labelled compounds , Smith & Geider 1985 . This description, however, may not be appropriate under conditions of non-balanced growth , Smith & Geider 1985 . In particular, a high rate of turnover of intracellular macromolecule pools such as chlorophyll a (Riper et al. 1979 ) and protein (&chards , Thurston & &chards 1980 may be a general feature of the metabolic response to a changed environment (Cooke 1981) . If a significant turnover of cell resources is characteristic of populations in nature, then account needs to be taken of the contribution of unlabelled 'old' carbon to the pool of respiratory substrates. To accommodate t h s latter possibility, a model was chosen which describes photosynthesis and respiration of a homogeneous phytoplankton population:
This model has been previously employed in theoreti- cal studies of the 14C method (Buckingham et al. 1975 , Hobson et al. 1976 , Dring & Jewson 1982 , Smith 1982 . Note the similarity between Eq. (10) and Eq. (6). In Eq.
(10) the loss of organic 14C from phytoplankton is attributed to respiration whereas in Eq. (6) it is attributed to grazing by microzooplankton. Despite this similarity in form, the response of the 2 models to dilution is very different. The parameter r in Eq. (10) is independent of dilution, whereas g in Eq. (6) depends linearly on dilution.
Values for the parameters of this model were estimated from non-linear least squares regression analysis using the BMDP program PAR (Dixon 1983) . In all cases the initial biomass was obtained from direct counts of cells retained on a 1.0 pm Nuclepore filter and values of particulate 14C accumulation were scaled down by a factor of 0.65 to account only for that fraction of photosynthetic biomass retained by a 1.0 vim pore size filter. Growth rates in undiluted samples estimated by this approach ranged from 0.01 to 0.05 h-'. On the basis of this analysis, the expected biomass increases range from a low value of 1O0/o on 25 May to a hlgh of 80 % on 26 May. The 80 O/O biomass increase was not evident in either chlorophyll a, or discrete, short-term 'v uptake rates for the 26 May experiment. Estimates of respiration rate exceed net growth rates by a factor of about 2 to 6. Biomass-specific photosynthesis rates obtained from fitting Eq. (10) to the data were about 30 to 50% greater than those obtained by used linear regression analysis (Table 2 ) and initial biomass (P/B in Table 5 ). In general, the curve-fitting exercise indicates high respiration rates and a low ratio of gross photosynthesis to respiration. Good fit of the observed particulate '"C accunlulation time series to Eq. (10) cannot be taken as evidence of the validity of the model. All that can be said is that if Eq. (10) adequately describes the intracellular carbon dynamics, then the estimated parameter values (Table 5 ) will provide the best description of the data. Is there other evidence to support the conclusion of high phytoplankton respiration rates?
Dark loss of previously fixed organic '"C has been used as a measure of respiration in microplankton communities (Eppley & Sharp 1976 , Smith 1977 . Dark loss of organic I4C was measured in 4 experiments (Table 6 ). Loss rates were calculated as
where A = activity of organic '"C; t = time and the subscripts refer to observations made at different times. The dark loss rates will not necessarily equal true respiration rates unless the respiring organisms are uniformly labelled. Non-uniformity in distribution of label could result if (1) the preincubation with '"C in the light is not long enough to obtain isotopic equilibrium, (2) non-photosynthesizing phytoplankton are responsible for high respiration, or (3) recent photosynthate is not available for respiration. All 3 of these potential problems will lead to an underestimation of respiration from the dark loss of organic '"C. In comparing the dark loss rates with the respiration rates estimated from Eq. (10) it is implicitly assumed that the microheterotrophic contribution to community metabolism is negligible. Dark loss rates averaged -0.02 h-' (i.e. 0.5 d-' for a (Table  6 ). In the 4 June experiment, however, the dark loss rate was considerably higher (-0.08 h-'), and approximately equal to the photosynthesis rate (PIB = 0.09 h-'). Interestingly, the high dark loss rate observed in the 4 June experiment was independent of dilution suggesting that respiration was by phytoplankton. Only for the 4 June experiment was the measured dark loss rate (Table 6 ) approximately equal to the respiration rate calculated by fitting Eq. (10) to the particulate '*C accumulation time-series (Table 5 ). In 3 other experiments, dark loss rates were only 20 to 40 % (Table 6 ) of the inferred respiration rate (Table 5) indicating that respiration may not always account for the observed descrepancy between photosynthesis and growth rates.
The question still remains of the extent to which dark loss rates can be taken as a measure of respiration in the light. The physiological evidence is equivocal. It is generally thought that light inhibits plant respiratory processes (Graham 1980) ; however, there are reports of continued mitochondrial respiration in the light (Brown 1953 , Bidwell 1977 . This respiratory activity, however, need not involve the remineralization of recently labelled organic matter (Bidwell 1977) .
One problem with accepting low ratios of photosynthesis to 'dark' respiration rates @:r<2) calculated from E q . (10) for the Celtic Sea phytoplankton assemblages is that such low p:r ratios imply negative net production over a 12 h:12 h light:dark photoperiod. In addition such low values are rarely found for phytoplankton in culture. High p:r ratios of 5 to 10 are found in green algae, diatoms and cyanobacteria, while lower ratios of 2 to 4 are found in dinoflagellates (Dunstan 1973 , Humphrey 1975 , Raven & Beardall 1981 . In addition, low p:r ratios are often found in cultures maintained under suboptimal conditions for growth, or in species that are characterized by low growth rates. A low p:r ratio is often associated with a decrease in photosynthetic capacity per unit biomass rather than with an increase in biomass-specific respiration rates. Despite the correlation between growth rate and respiration rate in microalgae (Smith 1982) , low p:r ratios (i.e. about unity) are not found at high growth rates. Even if respiratory processes measured by dark loss of organic 14C occur continuously in the light, these rates do not equal the photosynthesis rate during the light period in 3 out of 4 experiments. Thus, there remains a need to account for net photosynthesis in the absence of increases in photosynthetically active biomass. If the phytoplankton are in a 'lag' or acclimation phase because of a change in environmental conditions (such as an increase in photon flux density) following sampling and confinement, then photosynthetically active biomass would not be expected to increase immediately. It is necessary to invoke this possibility to explain the results of the 26 May experiment in which high biomass-specific photosynthesis rates did not appear to result in growth (Fig. 3) , nor did they appear to be balanced by high respiration rates (Table 5) . Unfortunately, direct measurements are not available to test this hypothesis. Indirect evidence to suggest that accumulation of storage products and/or functional, but non-photosynthetic, metabolic machinery is Likely to account for the observed kinetics is as follo~vs. Based on a recent review of laboratory investigations (Geider 1987b) , a value for the C:chl a ratio of about 100 g C g -l chl a is expected for phytoplankton in nutrient-sufficient, balanced growth at a temperature of 11 "C and photon flux density of 140 ymol m-' S-'. As noted previously, initial C:chl a ratios from 20 to 55 g C g-' chl a were obtained for the Celtic Sea nanoplankton. The difference between the initial value of C:chl a and the expected value under the incubation conditions would allow for 2 to 5-fold increase in phytoplankton carbon before the synthesis of chlorophyll a and associated components of the photosynthetic apparatus would commence (Geider & Platt 1986 ). Interestingly, in experiments employing 14C labeling of phytoplankton carbon and chlorophyll a, Welschmeyer & Lorenzen (1984) found increases in C:chl a during incubations of natural phytoplankton assemblages. These increases in C:chl a were particularly evident at high light levels (Welschmeyer & Lorenzen 1984) .
In conclusion, observations that dilution with filtered seawater did not influence 14C uptake dynamics indicate that microzooplankton grazing was not an important determinant of phytoplankton photosynthesis and growth in the Celtic Sea phytoplankton assemblage under investigation. The explanation for the observed high, yet constant, biomass-specific rates of particulate 14C accumulation may lie in a combination of high phytoplankton respiration rates and the allocation of recent photosynthate to energy storage reserves rather than to growth-related processes.
